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Abstract
Background: Intense competition for access to females can lead to males exploiting different components of
sexual selection, and result in the evolution of alternative mating strategies (AMSs). Males of Poecilia parae, a colour
polymorphic fish, exhibit five distinct phenotypes: drab-coloured (immaculata), striped (parae), structural-coloured
(blue) and carotenoid-based red and yellow morphs. Previous work indicates that immaculata males employ a
sneaker strategy, whereas the red and yellow morphs exploit female preferences for carotenoid-based colours.
Mating strategies favouring the maintenance of the other morphs remain to be determined. Here, we report the
role of agonistic male-male interactions in influencing female mating preferences and male mating success, and in
facilitating the evolution of AMSs.
Results: Our study reveals variation in aggressiveness among P. parae morphs during indirect and direct
interactions with sexually receptive females. Two morphs, parae and yellow, use aggression to enhance their
mating success (i.e., number of copulations) by 1) directly monopolizing access to females, and 2) modifying
female preferences after winning agonistic encounters. Conversely, we found that the success of the drab-coloured
immaculata morph, which specializes in a sneak copulation strategy, relies in its ability to circumvent both male
aggression and female choice when facing all but yellow males.
Conclusions: Strong directional selection is expected to deplete genetic variation, yet many species show striking
genetically-based polymorphisms. Most studies evoke frequency dependent selection to explain the persistence of
such variation. Consistent with a growing body of evidence, our findings suggest that a complex form of
balancing selection may alternatively explain the evolution and maintenance of AMSs in a colour polymorphic fish.
In particular, this study demonstrates that intrasexual competition results in phenotypically distinct males exhibiting
clear differences in their levels of aggression to exclude potential sexual rivals. By being dominant, the more
aggressive males are able to circumvent female mating preferences for attractive males, whereas another male
type incorporates subordinate behaviours that allow them to circumvent male aggression and female mating
preferences. Together, these and previous results indicate that exploiting different aspects of social interactions
may allow males to evolve distinct mating strategies and thus the long term maintenance of polymorphisms
within populations.
Background
Intense sexual selection can lead to competing males
evolving alternative ways to obtain fertilizations, thereby
enhancing their reproductive success [1]. In genetically-
based polymorphic species, alternative mating strategies
(AMSs) are characterized by distinct behavioural and
morphological traits that help males (hereafter morphs)
ameliorate their mating disadvantages when facing
superior competitors [2-4]. For example, in some poly-
morphic lizards [5,6], birds [7-9], fish [10,11] and mar-
ine isopods [12], large and/or colourful males are
aggressive and defend breeding territories to exclude
competitors. As a consequence, subordinate males have
evolved AMSs, such as sneak copulations that are
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possibly circumvent overt aggression. AMSs are
expected to be maintained as long as the resulting aver-
age fitness of one strategy equals that of the others
co-occurring in the population [4], with frequency-
dependent selection favouring rare over common
phenotypes [2,4,13].
Sexual selection theory predicts that strong mating
preferences for males with elaborate ornaments that
reflect their quality or dominance should deplete genetic
variation in these traits [14-17]. There are, however,
cases in which males as a result of high variance in mat-
ing success and thus strong sexual selection exhibit
striking, genetically-based polymorphism in display traits
(e.g., [10,18-20]). Further, several studies in a broad
range of taxa ([5,7-10,12,21-30] see also Table 12.2 in
[4]) consistently suggest that such variation in male phe-
notypes (e.g., extreme differences in body lengths, beha-
viours, physiology) is adaptive and correlates with
asymmetric social dominance relationships defining
AMSs. A mechanism by which variation in male pheno-
t y p e si sm a i n t a i n e di st h r o u g hf r e q u e n c yd e p e n d e n t
selection for AMSs [2,4,12,13]. For instance, in the side-
blotched lizard (Uta stansburiana), males have evolved
AMSs (orange-throated: aggressive and territorial; yel-
low-throated: sneaker; blue-throated: mate guarding)
and the relative fitness of each strategy fluctuates
depending on the frequency of the competing strategies
from one generation to the next [5]. Under frequency-
dependent selection, the rare strategy appears to have
mating advantage [2,31]. Negative frequency-dependent
selection is often invoked to explain polymorphisms that
are not shaped by sexual selection [32-36].
Although not necessarily independent of frequency
dependent selection, a less explored mechanism for the
maintenance of polymorphisms involves complex, balan-
cing selection in which different aspects of sexual and
natural selection select for unique phenotypes (e.g.,
[13]). For instance, female mating preferences may
favour colourful males, while agonistic male-male com-
petition may favor large males [10]. This lack of syner-
gism between the two aspects of sexual selection may
allow for the invasion of AMSs and thus promote the
maintenance of polymorphisms [10,18-20,22].
In many species, males can use overt aggression as a
tactic to circumvent female choice [37-39]. For instance,
dominant males can prevent attractive males from gain-
ing access to females [10,40-43]. However, male aggres-
sion can also facilitate female choice if winners of male
contests signal their quality (e.g., vigour, tenancy of bet-
ter territories) to females [37-39]. Further, in many taxa,
the success of mating attempts ultimately relies on
female consent [44], and thus; females may still exercise
choice despite overt male aggression [41,42]. This
potential for conflict and synergism between intrasexual
competition and intersexual mate choice can result in
opportunities for certain males to exploit different com-
ponents of sexual selection [3], facilitating the evolution
and maintenance of AMSs [4,44,45]. Here, we explore
how overt male aggression can influence male mating
success and facilitate the persistence of colour poly-
morphism in the pentamorphic fish Poecilia parae.
The South American poeciliid P. parae exhibit five
Y-linked, discrete colour morphs [46,47]. These morphs
include: (i) immaculata, the smallest and drab-coloured
males that resemble juvenile females; (ii) parae, the lar-
gest males that exhibit a striped tail and black vertical
body bars that intensify during social interactions; and
(iii) the blue, red, and yellow males that are of inter-
m e d i a t eb o d ys i z ea n dd i s p l a yc o l o u r f u lb o d yf l a n k s
[46,48]. Males and females mate promiscuously, with
males providing no resources during mating [48]. Poeci-
lia parae breeds year-round [48,49], suggesting an
opportunity for intense competition among males to
identify and monopolize sexually receptive females. In
P. parae, the carotenoid-based red and yellow morphs
are strongly preferred by the majority of females as
mates, and the smaller immaculata males are the least
attractive males [46,49,50]. However, because the imma-
culata morph specializes in sneak copulations with
apparent adaptations for sperm competition [51], such a
mating strategy would be successful only if sneaker
males can circumvent pre-copulatory female choice,
intrasexual aggression, or both (e.g., [4,5,7]. It remains
to be seen, however, whether immaculata males can
indeed circumvent male aggression and female choice
and consequently gain successful matings. The persis-
tence of the other two morphs (i.e., parae and blue) may
be the result of their competitive abilities in open mixed
groups [46,49].
In this study, we experimentally test for the role of
male-male competition in the evolution and mainte-
nance of AMSs. If indeed, particular morphs specialize
in male-male aggression, we predict that agonistic inter-
actions (i) may limit the mating opportunities of the
attractive (i.e., red and/or yellow) morphs, (ii) have the
potential to influence female mating preferences, and
(iii) enhance the mating success of aggressive males.
Results consistent with these predictions would suggest
that the opportunity to exploit male-male competition
may facilitate the maintenance of genetically-based
polymorphisms.
Results
(a) Female mate choice and male dominance
On average, females spent 30.81 ± 15.67% of the time in
the region close to the test males. In the experiment
where males were not allowed to interact (pre-male
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blue, red and yellow than with the drab immaculata
males (Figure 1a). After observing male-male interac-
tions (post-male competition), females switched their
mating preferences when parae males were winners of
interactions against blue (paired t14 = P < 0.01), red
(paired t14 = P < 0.01), and yellow males (paired t14 =
P = 0.1; Figure 1b). Similarly, aggression displayed
towards the blue males modified female choice favour-
ing red (paired t14 = P < 0.01) and yellow (paired t14 =
P < 0.01) males (Figure 1c). We found no statistical dif-
ferences between the mate choice scores of red and
yellow males (paired t14 =P=0 . 2 3 )f o rt h ep r e - m a l e
and post-male competition experiments (Figure 1d).
On average, parae males dominated blue, red and yel-
low males (binomial tests, all P < 0.01). Immaculata
males never initiated aggressive interactions during the
staged contests against other males, and they were
attacked most frequently by yellow males (Mean ± SE:
12 ± 3.41 aggressive behaviours 10 min
-1) and in less
proportion by parae males (2.7 ± 0.83 aggressive beha-
viours 10 min
-1). Blue males typically lost to red (bino-
mial test, P = 0.01; n = 15) and yellow (binomial test,
P < 0.01; n = 15) males. Yellow males were dominant in
Figure 1 Mean (± standard error) female mate choice scores during pre- (empty bars) and post- male competition (filled bars) trials
for immaculata, parae, blue and red morphs. Positive results indicate female preference for pictured males (i.e., Male A) while negative results
indicate preference for the assigned opponents (i.e., Male B, or males in X-axis).
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P = 0.30; n = 15).
In addition, the five morphs differed in the rate of
received (Kruskal-Wallis test: H4, 260: 37. 55, P < 0.01)
and initiated (Kruskal-Wallis test: H4, 260: 74. 03, P <
0.01) aggressive behaviours (Figure 2a). Overall, the
immaculata and parae morphs were less likely to be
attacked when compared to the blue, red, and yellow
m a l e s( a l lc o m p a r i s o n s ,P<0 . 0 1 ) .I nc o n t r a s t ,p a r a e
males initiated more aggressive behaviours than the
immaculata, blue and red morphs (all comparisons, P <
0.01). Parae and yellow males did not differ significantly
in rate of initiating aggression (P = 0.09).
(b) Competition for access to females and mating success
The total number of aggressive behaviours was fewer
when males were allowed to directly interact with
females than when females were separated from males
and only observed male-male interactions (direct: Mean
± SE: 7.12 ± 1.07 aggressions 10 min
-1; n = 220; indir-
ect: 25.85 ± 2.91 aggressions 10 min
-1;n=2 2 0 ;M a n n -
Whitney U = 147, P < 0.01). Morphs differed in the
number of aggressive behaviours received (Kruskal-
Wallis test: H4, 260: 35. 09, P < 0.01) and initiated (Krus-
kal-Wallis test: H4, 260: 56. 74, P < 0.01; Figure 2b)
during the open aquaria experiment. Parae and yellow
males received fewer attacks (P < 0.01), but, along with
red males, initiated the greater proportion of aggressive
behaviours (P < 0.02). Compared to parae, blue, and red
males, yellow males initiated more aggressive behaviours
(Mean ± SE: 23.70 ± 4.18; n = 10; 2% sparring, 53%
chasing, and 45% attacks) against immaculata males. In
contrast, parae males initiated the least number of
aggressive behaviours towards immaculata males (Mean
± SE: 1 ± 0.52 aggressive behaviours 10 min
-1), yet
directed more attacks to blue (Mean ± SE: 24.13 ± 7.59;
n = 15) and red (14.6 ± 4.46; n = 15) males.
The number of copulations (Mean ± SE: 0.56 ± 0.07
10 min
-1) gained as a result of individuals being able to
fend off their competitors differed significantly among
morphs (Kruskal-Wallis test: H4, 260: 28.31, P < 0.01;
Figure 3). Parae males experienced an increase in mat-
ing success when competing against blue (Wilcoxon
matched paired test, z = 2.69, n = 15, P < 0.01) and red
(Wilcoxon matched paired test, z = 2.2, n = 15, P =
0.02; Figure 3) males, but not with yellow males (Wil-
coxon matched paired test, z = 1.53, n = 15, P = 0.13).
Yellow males obtained significantly more copulations
after winning against blue males (Wilcoxon matched
paired test, z = 2.67, n = 15, P < 0.01) and marginally
significant after winning against immaculata males
(Wilcoxon matched paired test, z = 1.83, n = 10, P =
0.06). Moreover, 11.67% of copulations obtained by
yellow males were the result of aggressive interactions
(i.e., sparring) with females and sneak copulations.
Discussion
Our results suggest that certain P. parae morphs have
evolved the use of overt aggression as an AMS. Several
lines of evidence support this interpretation. First, males
of the parae and yellow morphs consistently dominated
their competitors during staged contests by excluding
rival males from gaining access to females. Second,
when females and competing males were allowed to
freely interact, parae and yellow males gained a substan-
tial proportion of matings by directly monopolizing
females and limiting the mating opportunities of the
blue and red morphs, explicitly showing that aggression
indeed results in increased mating success for dominant
males. Finally, females observing male-male interactions
modified their mate choice favouring dominant over
subordinate males for contests that involved males of
the parae, red, and yellow morphs. These results suggest
that the opportunity for intense intrasexual competition
can facilitate the evolution and maintenance of AMSs
when females display strong preferences for attractive
but not necessarily dominant males (see also [10,40,43]).
During the staged contests, immaculata males, the
smallest and the least preferred males by females, were
typically submissive. In our study, the mating success of
immaculata males relied on the strategy of appearing
like juvenile females to avoid harassment when
approaching receptive females and in taking advantage
of their smaller body size to sneak copulations. The
juvenile female-mimic strategy was mostly effective
when immaculata males were competing with the parae,
blue, and red males. These behavioural patterns suggest
that the immaculata morph has evolved a strategy to
circumvent male agonistic interactions and female mate
choice (e.g., [5,52,53]).
Our experiments are consistent with previous findings
that uncovered variation in female mating preferences
for colourful males [46,49,50]. When male-male compe-
tition is excluded, a large proportion of females strongly
preferred red and yellow males; however, some females
showed consistent preferences for parae and blue males
as well [50]. In the experiments where females were
physically separated from males with a clear barrier, red
and yellow males did not differ in their ability to attract
females, even after the test females observed yellow
males dominate over red males. However, in the experi-
ments where males and females could physically inter-
act, yellow males were dominant over red males and
were capable of restricting access of red males to
females. This difference in aggression translated in
greater association time with females for yellow males.
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Page 4 of 11Figure 2 Mean (± standard error) proportions of received (empty bars) and initiated (filled bars) aggressive behaviours 10 min
-1 for
each morph when (a) females were separated but were able to observe male-male interactions, and (b) females freely interacted with
competing males in open aquaria. Bars with different letters above are significantly different (see text).
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differ in their realized mating success (i.e., number of
copulations in 10 min
-1), suggesting that even though
aggressive yellow males can restrict the access of red
males to females, female preference for red males was
able to counteract male aggression. That is, in cases in
which red males were subordinate, females still managed
to circumvent the attempts of dominant yellow males to
monopolize matings and mated with the attractive red
males. Similar female mating behaviours have also been
reported in guppies (P. reticulata), wherein paternity in
multiply sired broods was biased towards subordinate
males ([40], but see also [54]).
How then does intrasexual competition contribute to
the maintenance of the striking colour polymorphism in
P. parae? Because sexual selection operates at distinct
stages (e.g., pre- and postmating intersexual choice, pre-
and postmating intrasexual competition), males can
evolve unique strategies that specialize in one or few
stages of sexual selection (reviewed in [3]). For instance,
females may have strong mating preferences for particu-
lar males, but the most dominant and aggressive males
Figure 3 Mean (± standard error) rates (10 min
-1) of gained (empty bars) and lost (filled bar) copulations by immaculata, parae, blue
and red morphs (in pictures) against assigned opponents in the experiment where females could physically interact with competing
males.
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females [37-39]. Other AMSs can circumvent both
female choice and male aggression by mimicking
females and adopting a sneaker strategy (e.g., yellow
sneaker in side-blotched lizard; beta and gamma males
in marine isopods; satellite and ‘faeders’ in the ruff
[5,52,53]). Furthermore, males exploiting postcopula-
tory sexual selection could also evolve sperm related
traits that enhance their competitive abilities during
sperm competition (e.g., allocating ejaculates contain-
ing faster sperm; see [3]) or postcopulatory female
choice (e.g., [55]).
Indeed, several studies have demonstrated that under
intense episodes of sexual selection, males experiencing
continuous mating disadvantages should evolve strate-
gies that exploit different components of sexual selec-
tion (e.g., the ruff, [7]; side-blotched lizard: [56]; pigmy
swordtail [10]; Gouldian finch, [8]; marine isopods,
[53]). In these examples, frequency-dependent selection
is the most plausible explanation in facilitating the
co-existence of the AMSs [2,4]. In P. parae,h o w e v e r ,
frequency-dependent selection cannot fully explain the
persistence of the five morphs, as their frequency in nat-
ure is consistent over time ([46,48]; see Figure 2. in
[50]). Field surveys from 2002 to 2009 indicate that
immaculata and parae males are the most abundant,
followed by blue males, with red and yellow males being
rarest [50]. In this case, different forms of balancing
selection may help explain the persistence of the five
morphs in P. parae. For instance, females show a strong
mating preference for the red and yellow males
[46,49,50], and so these males should be most abundant.
Red and yellow males, however, are rare, and this may
be due to strong predator (i.e., cichlids) preference for
prey with carotenoid colour patches [50]. Therefore, the
interaction between female mating preference and selec-
tive predation may provide opportunities for less attrac-
tive males to evolve AMSs, and invade and persist in
the population. Our study suggests that the parae (and
to some extent also yellow) morph use intrasexual
aggression to monopolize females and obtain matings.
However, in this and many other systems, female coop-
eration is needed to achieve successful matings (e.g.
[44]), and so, while parae males are able to monopolize
access to females, female mate choice may still counter-
act the effects of male aggression, and prevent parae
and yellow males from driving the other morphs to
extinction. The drab female-mimic immaculata morph,
besides being cryptic to visual predators, represents an
alternative strategy that efficiently seems to circumvent
both female mating preferences and male-male competi-
tion (see also [46]). This form of balancing selection in
which female mate choice and intrasexual competition,
combined with predator preferences for red and yellow
males, interact may ultimately provide opportunities for
AMSs to evolve and persist in the population.
Lastly, although blue males gained some matings as a
result of aggressive interactions and variable female
mating preferences [50], the factors that allow for the
persistence of this morph is under current analysis.
Recent studies suggest a strong role for environmental
heterogeneity in favouring the maintenance of colour
polymorphisms [57-59]. For instance, as shown in the
pentamorphic Sulawesi fish, Telmatherina sarasinorum
[59], female mating preferences may vary as a response
to spatial and/or temporal fluctuations in the visual
environment [57]. Preliminary surveys of P. parae
habitat indicate that the visual habitat is variable, with
some areas being rich in short wavelength light. This
suggests the intriguing possibility that, in their natural
settings, blue males may be able to exploit microhabi-
tats rich in short wavelengths ambient light to appear
more conspicuous and thus more attractive to females
(Hurtado-Gonzales & Uy; in prep). Hence, the role of
sexual selection under environmental heterogeneity
m a ye x p l a i nt h ep e r s i s t e n c eo ft h eb l u eP. parae
morph.
Conclusions
Frequency dependent selection is typically invoked to
explain the evolution and maintenance of genetically-
based polymorphisms/AMSs. Under this scenario,
morphs should experience cyclical fluctuation in their
frequencies, with rare morphs having a selective advan-
tage over common morphs. Alternatively, and somewhat
independent of frequency dependent selection, complex
balancing selection may explain the evolution and main-
tenance of polymorphisms in cases where the frequen-
cies of morphs experience little or no changes over
time. In our work, the antagonistic interaction between
different components of sexual selection (i.e., pre- and
postcopulatory sexual selection), in addition to natural
selection by predators, allows for the invasion of AMSs
and thus the maintenance of the striking polymorphism
in P. parae.
Methods
Female mating preferences and male aggression were
assessed using wild caught fish from the west coast of
the Demerara River (6° 41’ N, 58° 12’ W), Republic of
Guyana. Males were sorted by morph type (n = 40
immaculata; n = 55 parae; n = 55 blue; n = 38 red; and
n = 41 yellow) and housed in separate aquaria with
non-experimental females at equal sex ratio. Fish were
maintained in 20 gal aquaria with treated water at 27 ±
1°C, on a 12:12 h light: dark cycle, and fed daily with
live brine shrimp and Tetra-Min® (Melle, Germany)
flakes two times per day. All experiments were carried
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all fish were fed to satiation.
Test females (n = 130) were periodically captured,
individually housed in small 250 ml plastic containers to
monitor their breeding status, and used within four days
after parturition. We selected experimental females with
standard lengths ≥ 20 mm (Mean ± SD: 26.48 ± 2.98
mm, Intervals 20.06 - 31.44 mm, n = 130). Considering
the high levels of promiscuity in P. parae and that
females breed year round [48,49], these females have
likely bred at least once. Thus, we assumed that the
selected standard length (≥ 20 mm) would be an indica-
tion that test females have been exposed to all five
morphs under natural conditions. Another advantage in
using post-partum females compared to naïve virgin
females is that females mating preferences is shaped by
previous experience of male phenotypes [60]; conse-
quently, experienced females are more likely to posses
better discrimination capabilities than naïve females
[60,61]. Finally, previous mate choice experiments in
P. parae have successfully recorded responses from
experienced females towards all type of males [46,59,50].
Hence, for consistency, we followed the same criteria.
Identification of morphs
Although the five P. parae m o r p h sa r ee a s i l yi d e n t i f i e d
by their patterns of coloration as adults, juvenile males
resemble each other [46,47]. We used two methods to
insure that the classification of males used for the
experiments were accurate. First, we only used males
with developed gonopodial hoods, which is a good indi-
cator of sexually mature males in poeciliids [61-63]. Sec-
ond, based on our observations of the development of
fry in our laboratory, individuals express their distinct
color patterns and have well differentiated gonopodium
when they attain the body length of 13.9 - 14.5 mm
(51-90 days in development; unpublished data). Simi-
larly, Lindholm et al. [34] found that males reach sexual
maturity when they attain a body length of 8.5 -
11.5 mm (n = 22) under laboratory conditions. Under
experimental breeding conditions, growth of P. parae
fry is slower and coloration is less intense compared to
wild caught individuals, and so for the wild-caught
males used in our study, we opted a more conservative,
minimum standard length of 16 mm to reduce the pos-
sibility of choosing immature individuals. Having identi-
fied sexually-mature males, the classification of
immaculata males was reliably determined.
Matching body size for experimentation
Each test male was isolated two days before facing their
assigned competitor and a corresponding female. Prior
to each experiment, isolated test individuals were anaes-
thetized with MS-222 (3-aminobenzoic acid ethyl ester)
a n dp h o t o g r a p h e du s i n gac a m e r a( C a n o nE O SR e b e l
XTi 400 D digital, Japan). Each picture included a ruler
as a metric reference. From each digital image, we mea-
sured the total length (tip of the upper jaw to tip of cau-
dal fin) and standard length (tip of the upper jaw to the
base of the caudal peduncle) of each fish. Body lengths
were obtained by using Sigma Scan Pro® v 5.0.0 (San
Jose, CA, USA). With the exception of the small imma-
culata morph, test males were matched in length as
much as possible (Table A1 in Additional file 1). Due to
the fewer number of red and yellow males during our
collections (see above), some individuals were used
twice.
(a) Female mating preferences and male dominance
We assessed female mating preferences before (‘pre-
male competition’)a n da f t e r( ’post-male competition’)
females observed male-male interactions. Each test
female participated in a total of four trials with the
same males in the following sequence: pre-competition
mate choice ® females observe male-male interactions
(indirect) ® post-competition mate choice ® females
and males directly interact (detailed below).
In the pre-male competition experiment, a random
test female was presented with a dichotomous choice
of males of two different morphs. Each female was
only tested with one pair of males (in the sequence
outlined above). All trials were staged in experimental
1.8 gal tanks (Figure A1, Additional file 1) partitioned
in two zones by a transparent glass. The larger zone
(60% of the total length of the tank) was used as the
female test chamber. The smaller zone was further
partitioned in two equal-sized compartments using a
removable opaque plexiglass. The tank was supplied
with a thin layer of gravel, filled to a depth of 14 cm
with water, illuminated with a full spectrum light
(70 cm above the tank), and covered on three sides
with brown, kraft paper. The two small compartments
were occupied by two randomly assigned males that
were able to see the test female but not each other.
The test female was placed in a removable opaque
compartment situated in the centre of the female’st e s t
chamber. Males and female were acclimatized for 20
min before the start of each experiment. At the start
of the experiment, the female compartment was lifted,
and a Samsung Hi-8 SCL 860 camcorder positioned 30
cm away from the uncovered side of the tank recorded
female mate choice for 10 min. Recordings started as
soon as the test female approached the first male.
From the video recording, we measured the amount of
time (in seconds) that a female spent within a body
length distance to the glass separating her from the
males, and actively moving left and right while facing
one of the two males. Periods in which a female
remained within one body length of a particular male
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male) were excluded. In P. parae, and poeciliids and
other fishes, association time is a good index of female
mating preferences [10,11,41-43,46,48-50,61,64,65].
Before running the post-male competition mate choice
experiment, we transferred the three individuals (i.e., the
two males and female) to a new 1.8 gal tank (Figure
A1b), which was divided in two equal-sized sections by
ac l e a rg l a s s .O n es e c t i o nw a so c c u p i e db yt h ef e m a l e
and the other by the two competing males. The two
males and female were allowed to acclimate for 10 min
in individual, opaque removable compartments. At the
start of the experiment, the partition separating the
males was lifted, and we videotaped male-male interac-
tion for 10 minutes, starting with the first male-male
interaction. The test female was allowed to observe the
two males through a transparent glass, with no physical
contact. From the videotapes, we quantified all aggres-
sive behaviours, but focused on three aggressive beha-
viours that occurred frequently: sparring, chasing, and
attacks (see Table A2 for detailed definitions in Addi-
tional file 1). A male was declared dominant after the
other male stopped approaching or interacting with the
test female or opposing male, or assumed a headstand
position whenever the dominant male approached
(Table A2).
For the post-male competition experiment, both males
and female were immediately returned to the first
experimental tank, with the competing males assigned
to the opposite compartment from the pre-male compe-
tition experiment. We quantified female mating prefer-
ences as in the pre-male competition experiment
outlined above.
(b) Competition for access to females and mating success
To determine how male aggression directly affects copu-
lation success, we allowed the same set of males and
females to directly interact using an open-aquarium
design. Males and the test female were transferred to
individual compartments placed in the centre of a new
1.8 gal tank (Figure A1c in Additional file 1) and
allowed to acclimate for 10 min. Individuals were
released simultaneously, and were allowed to interact
for 10 minutes, starting from the time of first interac-
tion between males or a male and a female. All trials
were video recorded, and we quantified all aggressive
male-male interactions, aggressive male-female interac-
tions, and number of successful copulations (as defined
in [51]) that occurred during the 10 min trial).
Since other studies have shown that odours and pher-
omones influence mate choice and recognition in poeci-
liids (e.g., [66-68]), to reduce these effects, we used
several aquaria, which allowed us to change the water
between experiments.
(c) Analyses and statistics
Association time from pre- and post-male competition
experiments were transformed to proportions for stan-
dardization purposes. We calculated preference for a
particular male as the difference between the propor-
tions of time spent between the two males. For instance,
with MA and MB representing total proportion of time
spent with male A or B, respectively, positive values of
this index (MA -M B) would indicate a preference for
male A and negative values a preference for male B. To
determine whether there was a switch in female mating
preferences after observing male-male interactions, we
subtracted the post-male competition preference score
from the pre-male competition preference score [i.e.,
(MA -M B)2nd experiment -( M A -M B)1st experiment]. We
determined if females switch e do re n h a n c e dt h e i rm a t e
preferences between trials using a paired t-test. Prefer-
ence scores were arcsine transformed to meet the
assumptions of parametric tests [69].
We used two assays to measure the level of dominance
of males of one particular morph over the other. First, we
used the number of times individuals won against an
opponent. For the dyadic contests over females, the out-
comes (i.e., win or loss) were analysed with two-tailed
exact binomial tests. Second, we also quantified the
number of aggressive interactions between competitors,
totalling then grouping the three types of the most fre-
quent-observed aggressive behaviours [sparring (3%),
chasings (21%), and attacks (71%)] into two categories:
aggressions received and initiated. Both categories
(aggressions received and initiated) were analysed using
Kruskal-Wallis non-parametric ANOVAs. To determine
which morphs were attacked less and attacked more, we
ran multiple comparisons of mean ranks. We also per-
formed Kruskal-Wallis non-parametric ANOVAs and
multiple comparisons of mean ranks to analyse aggres-
sions received and initiated during the open aquarium
experiments. To compare whether there were differences
in the number of attacks performed by males during
direct and indirect interactions with females, we used a
Mann-Whitney test. Finally, the difference in number of
gained or lost copulations to the competitors was ana-
lysed with Wilcoxon matched pair tests. All data sets
were tested for normality and analysed with STATIS-
TICA
© ver. 7. StatSoft, Inc, 2007 OK, U.S.A.
Additional material
Additional file 1: This file includes: Table A1 with additional
information of the standard body lengths (mm) of males used
during the experiments. Table A2 presents a brief description of
aggressive behaviours commonly displayed by males of Poecilia parae.
Figure A1 presents a simplified view of the experimental settings.
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